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Background: TheWerner syndrome protein (WRN) stimulates specialized Y-family DNA polymerase activity through an
unknown mechanism.
Results: A bipartite interaction between WRN and hpol � increases the efficiency and fidelity of polymerization.
Conclusion:Direct interactions between hpol � andWRN increase kpol 4-fold and decrease the misinsertion frequency 2.5- to
4.5-fold.
Significance: WRN-mediated enhancement of polymerase accuracy and efficiency may suppress mutations and genomic
instability.

We have investigated the interaction between human DNA
polymerase � (hpol �) and the Werner syndrome protein
(WRN). Functional assays revealed that the WRN exonuclease
and RecQ C-terminal (RQC) domains are necessary for full
stimulation of hpol �-catalyzed formation of correct base pairs.
We find that WRN does not stimulate hpol �-catalyzed forma-
tion of mispairs. Moreover, the exonuclease activity of WRN
prevents stable mispair formation by hpol �. These results are
consistent with a proofreading activity for WRN during single-
nucleotide additions. ATP hydrolysis byWRN appears to atten-
uate stimulation of hpol�. Pre-steady-state kinetic results show
that kpol is increased 4-fold by WRN. Finally, pulldown assays
reveal a bipartite physical interaction between hpol � andWRN
that is mediated by the exonuclease and RQC domains. Taken
together, these results are consistent with alteration of the rate-
limiting step in polymerase catalysis by direct protein-protein
interactions between WRN and hpol �. In summary, WRN
improves the efficiency and fidelity of hpol � to promote more
effective replication of DNA.

Genomic maintenance, including timely and efficient DNA
replication, is a fundamental biological process and an impor-
tant barrier to tumorigenesis in higher eukaryotes (1, 2). Suc-
cessful replication of the genome requires the spatial and tem-
poral coordination of many different proteins and enzymes (3).
The physical interactions and coupling of enzymatic properties
that leads to efficient copying of damaged and/or structured
DNA is an area that is still under investigation (4). Specialized
DNA polymerases, such as the Y-family members, are among

the downstream targets of ATR and other damage response
kinases (5). Y-family DNA polymerases appear to be an impor-
tant means of bypassing the DNA adducts and structured DNA
(i.e. G4 quadruplex DNA) in an efficient manner (6–11). The
participation of Y-family DNA polymerases in replication fork
progression and in the cellular replication stress response has
revealed their importance in maintaining genomic stability
under basal conditions and following exposure to DNAdamag-
ing agents (12). However, much remains unclear regarding
interactions that either facilitate polymerase switching ormod-
ulate the efficiency of specialized replication events.
There are four mammalian Y-family DNA polymerases:

Rev1, pol �, pol �, and pol � (13). The structural and functional
properties of the Y-family polymerases have been studied
extensively (14). TheY-family enzymes are distinct in their abil-
ity to replicate bulkyDNA lesions and distorted template struc-
tures. Although the overall domain architecture of the poly-
merase core is retained in the Y-family (Fig. 1A), each member
possesses unique structural attributes that produce a fascinat-
ing set of different mechanisms for nucleotide selection, which
results in diverse functional properties (7). The Y-family mem-
ber under investigation in the current work is human DNA
polymerase � (hpol �).2 The skin cancer-prone disease xero-
derma pigmentosum variant results from mutations in the
RAD30 gene encoding hpol� (15). In vitro assays and structural
work have shown that hpol � is the most efficient and accurate
means of bypassing cyclobutane pyrimidine dimers formed by
exposure to UV-B irradiation (16–19). It is clear from in vitro
analyses that Y-family members, including hpol �, are stimu-
lated by protein-protein interactions, such as those that occur
with the sliding clamp PCNA and that PCNA ubiquitination
plays an important role in governing the localization of these
specialized polymerases to sites of replication stress (12,
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20–23). It is of great importance that Y-family DNA polymer-
ase activity be studied in complex with proteins and enzymes
that modulate the replication stress response inside of cells.
In vitro assays have shown that the Y-family DNA poly-

merases �, �, and � interact functionally with the Werner syn-
drome protein (WRN) (24). However, a mechanistic under-
standing ofWRN-mediated alterations in replication efficiency
and/or fidelity is lacking. The ability of WRN to modulate the
activity of DNA polymerases and the presence of WRN at
actively replicating forks inside cells provides a strong impetus
for understanding WRN-mediated alteration of replication
efficiency and fidelity at themolecular level. Although a general
increase in activity for three of the four human Y-family mem-
bers was reported when these enzymes were incubated with
WRN (24), the mechanism of action still remains obscure. In
the current study, we have investigated the functional interac-
tion betweenhpol� andWRN in an effort to revealmechanistic
features associated with modulation of polymerase activity.
Our experiments not only show that WRN can increase the
efficiency and fidelity of DNA synthesis but we also detail the
enzymatic properties and physical interactions that are
involved in stimulation of hpol � activity. These results pro-
vide new insights into specialized DNA replication events that
participate in the resolution of replication stress.

EXPERIMENTAL PROCEDURES

A detailed description of materials and methods used to
express and purify the recombinant proteins can be found in
the supplemental “Materials and Methods”.
Full-length Extension Polymerase Assays—Fluorescein-

labeled primer was annealed to template oligonucleotide by
heating a 1:2molar ratio of primer:template DNA to 95 °C for 5
min and then slow cooling to room temperature. The primer/
template DNA was then incubated with hpol � prior to exten-
sion in the presence or absence of WRN. Each reaction was
initiated by adding dNTP�MgCl2 (0.5 mM of each dNTP and 5
mMMgCl2) solution to a preincubated hpol ��DNA complex (2
nM hpol � and 200 nM DNA). For experiments measuring the
effect of WRN-catalyzed ATP hydrolysis on polymerase activ-
ity, ATP was added to a final concentration of 100 �M. Unless
otherwise stated, all enzymatic reactions were carried out at
37 °C in 50mMHEPES buffer (pH 7.5) containing 60mMKCl, 5
mM dithiothreitol (DTT), 100 �g ml�1 of bovine serum albu-
min (BSA), and 10% (v/v) glycerol. At the indicated time points,
4-�l aliquots were quenched with 16 �l of a 95% formamide
(v/v), 20 mM EDTA, 0.1% bromphenol blue (w/v) solution and
were separated by electrophoresis on a 16% polyacryamide
(w/v), 7 M urea gel. The products were then visualized using a
Typhoon imager (GE Healthcare) and quantified using
ImageQuantTM software (GE Healthcare). For the polymerase
extension assays we quantified the amount of each product
band (i.e. 13-mer substrate, 14-mer product, 15-mer product,
etc.) at each time point. For “multiple hit” polymerase reac-
tions, the summation of all the products formed at a given point
in time follows a Poisson distribution (25). A plot of individual
product bands formed over time reveals that there is a “lag” in
product formation for the 15-mer, 16-mer, 17-mer, and 18-mer
products. This allowed us to calculate the fraction of each prod-

uct band at a given time point. To obtain an estimate of “total”
product formation over time (i.e. all of the product bands) we fit
the results to a single exponential equation (Equation 1, where
n � 1), which provides an estimate of the amplitude of product
formed (A) and the single-turnover rate constant (kobs) govern-
ing the reaction. To obtain estimates for the rate of single-turn-
over product formation of individual product bands (i.e.
15-mer, 16-mer, 17-mer, and 18-mer) we used an expression
derived from a simple n-step sequential reaction (Scheme 1).
Where product formation at each step is defined by the rate
constant kobs, which describes the single-turnover rate of prod-
uct formation for a given species. In the simplest reaction
scheme kobs is equal for each step. However, it is clear that
polymerases incorporate different dNTPs with slightly dif-
ferent rates. In an effort to analyze the rate of product formation
at each insertion step,weplotted theamountof individualproduct
bands as a function of time and fit the resulting curve to Equation
1, which has been derived for sequential n-step reaction schemes,
such as the one shown above, and previously (26, 27).

y � A�1 � �
� � 1

n �kobst�
� � 1

�� � 1�!
e�kobst� (Eq. 1)

Where A � amplitude of product formation, n � number of
steps to form product, kobs � observed rate of product
formation.
Steady-state Kinetic Analysis of Polymerase Activity—Single-

nucleotide incorporation by hpol � was measured over a range
of dNTP concentrations. The products were analyzed as
described for full-length extension assays. The initial portion of
the velocity curve was fit to a linear equation in the program
GraphPad Prism (GraphPad, San Diego, CA). The resulting
velocity was plotted as a function of dNTP concentration and
then fit to a hyperbolic equation, correcting for enzyme con-
centration, to obtain estimates for the turnover number (kcat)
and Michaelis constant (Km,dNTP).
Transient-state Kinetic Analysis of hpol � Polymerase

Activity—All pre-steady-state experiments were performed
using a KinTek RQF-3 model chemical quench-flow apparatus
(KinTek Corp., Austin, TX). hpol �1–437 (25 nM) was preincu-
bated with fluorescein-labeled primer-template DNA (sub-
strate 2, supplemental Table S1, 50 nM). The reaction was initi-
ated by rapid mixing of the enzyme�DNA solution with a
solution containing MgCl2 (5 mM) and varying concentrations
of dCTP (1–250 �M). Polymerase catalysis was stopped by the
addition of 500 mM EDTA (pH 9.0). Product formation was fit
to a single-exponential equation with a second linear phase
(Equation 2).

y � A�1 � e�kobst� � k2t (Eq. 2)

Where A � product formed in first binding event, kobs � rate
constant defining polymerization under the conditions used for
the experiment being analyzed, k2� the observed second-order
rate of product formation, and t � time.

SCHEME 1
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Measurement of WRN 3�-5� Exonuclease Activity—Exonu-
cleolytic degradation of polymerase products was measured by
incubating full-lengthWRNwith hpol �1–437 (50:1,WRN:hpol
�1–437) and 13/18-mer DNA (substrate 2). The reaction was
initiated by the addition of either dCTP (100 �M) or dTTP (1
mM) and MgCl2 (5 mM). Reactions were quenched, products
were separated and quantified in a manner identical to that
described above for the polymerase assays. WRN-catalyzed
degradation of fluorescein-labeled primer was quantified and
the rate of degradation was estimated by fitting the results to a
linear equation.

GST-hpol � Pulldown Experiments—GST-tagged hpol �1–437

(30 �g) was incubated with different WRN constructs
(30 �g for the HRDC deletion and 100 �g for WRN1–333 and
WRN949–1078) in 50 mM HEPES buffer (pH 7.5) containing 40
mM KCl and 10% glycerol (v/v) for 16 h at 4 °C. The binding
solutions were then mixed with glutathione-Sepharose beads
with agitation for an additional 16 h at 4 °C. The beads were
centrifuged at 500 relative centrifugal force for 5 min and the
solution was pipetted off the beads. The beads were then
washed twomore timeswith 75�l of binding buffer. The bound
proteins were eluted by boiling the beads in SDS-PAGE loading

FIGURE 1. Full-length WRN1–1432 stimulates hpol �1– 437 core polymerase domain. A, an overview of the hpol � and WRN proteins showing domains
with either structural or catalytic properties for each enzyme. PIR, PCNA interacting region; RIR, Rev1-interacting region; UBZ, ubiquitin binding
zinc-finger domain; HRDC, Helicase and RNaseD C-terminal; PIP, PCNA interacting peptide; NLS, nuclear localization signal. B, hpol �1– 437 (2 nM)
polymerization was allowed to proceed on a DNA substrate (200 nM) possessing a 5-nucleotide ssDNA overhang (13/18-mer) in either the presence (F)
or absence (E) of full-length WRN (100 nM). C, DNA synthesis by hpol �1– 437 (2 nM) was monitored over time using a 13/18-mer primer-template DNA
substrate (200 nM) in the absence of WRN and in the presence of full-length WRN1–1432 (100 nM). Total product formation (i.e. all of the product bands
from panel B) is shown. The experiments were performed in triplicate and the mean � S.D. is shown. The single-turnover results for each experiment
were fit to a single-exponential equation to yield the following kinetic parameters: No WRN (F): A � 178 � 6 nM, kobs � 0.26 � 0.03 min�1; WRN1–1432

(f): A � 192 � 2 nM, kobs � 0.98 � 0.04 min�1.
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buffer for 10 min followed by centrifugation at 500 RCF for an
additional 10 min. The samples were separated by 4–20% gra-
dient SDS-PAGE. Proteins were transferred to polyvinylidene
difluoride membranes (200 mA; 3 h) and probed with antibod-
ies against WRN (1:10,000 dilution; overnight incubation).
Membranes were washed and incubated with HRP-conjugated
secondary antibodies (1:2,000; 1 h) prior to visualization with
ECL-Prime (GE Healthcare). The membranes were then
stained with Ponceau S (Sigma) and scanned to create elec-
tronic images.

RESULTS

Full-length WRN Stimulates hpol � Core Polymerase Acti-
vity—Both hpol � and WRN possess multiple structured
domains that perform distinct functions related to the chemis-
try and biology of each enzyme (Fig. 1A).WRN is amultifaceted
protein with at least four independently structured domains
and several catalytic functions, including 3� to 5� helicase and
exonuclease activities (Fig. 1A) (28). The domains of relevance
to the current study include: 1) the helicase and RNase DC-ter-
minal (HRDC) domain, 2) the RecQC-terminal (RQC) domain,
3) the N-terminal exonuclease (Exo) domain, and 4) the
ATPase domain (Fig. 1A). In addition to the core polymerase
domains, hpol � has a C-terminal region that is primarily
involved in recruitment to sites of replication stress through
protein-protein interactions and post-translational modifica-
tions (29). We first tested the ability of full-length WRN1–1432

to modulate the activity of both full-length hpol � (amino acids
1–713) and the core polymerase domains (amino acids 1–437)
by monitoring product formation over time. In all instances,
recombinant WRN was tested for contaminating polymerase
activity to be certain that any enhancement observedwas due to
WRN (data not shown). DNA-dependent ATPase and DNA
helicase activities, as well as strand-annealing properties for
recombinant full-lengthWRNwere also verified (supplemental
Fig. S1). Similar to a previous report (24), full-length hpol �
DNA synthesis activity is stimulated �2-fold by full-length
WRN (supplemental Fig. S2) on a DNA substrate possessing a

12-nucleotide ssDNA template (substrate 1, supplemental Table
S1). Likewise, the core polymerase hpol �1–437 is stimulated by
WRN1–1432 to a similar extent as the full-length polymerase (sup-
plemental Fig. S3).At longer timepointsweobserveWRN-depen-
dent exonuclease activity (supplemental Figs. S2 and S3). These
results indicate that theC-terminal regionofhpol� is not required
to observe the stimulatory effect ofWRN.We, therefore, used the
core polymerase domain (amino acids 1–437) for all subsequent
experiments.
DNA synthesis by hpol �1–437 was then allowed to proceed

on a 13/18-mer DNA substrate (substrate 2, supplemental
Table S1) either in the presence or absence of full-length
WRN1–1432 (Fig. 1B). The experiments were performed with
different batches of purified full-length WRN and repeated in
triplicate to ensure reproducibility.Wequantified each individ-
ual product band to determine the fraction of the total product
for each time point (Fig. 1C). Analyzing the rate of formation
for each product band (i.e. 14-, 15-, 16-, 17-, and 18-mer)
allowed us to observe whether WRN-mediated stimulation
occurs at each step in the polymerase extension assays (Fig. 2).
The observed single-turnover rate constant defined by Equa-
tion 1 is assumed to be equal for each step in the polymerase
reaction. This is an oversimplification, as different dNTPs are
clearly incorporated at slightly different rates. In an effort to
clarify this issue, we analyzed each product band separately to
determine the rate of product formation as the polymerase pro-
gresses through the extension reaction (Fig. 2).
Plotting the total product formed as a function of time

reveals that the single-turnover rate constant defining the sum
of all the product bands is increased 3.8-fold by the addition of
full-lengthWRN1–1432 (Fig. 1C). Plotting the formation of indi-
vidual product bands shows that WRN stimulation of hpol
�1–437 occursmost efficiently at the initial insertion point, with
the effect upon the observed rate constant being less prominent
at the end of the template (Fig. 2). It may be that the initial
stimulatory effect is carried over to subsequent insertions,
rather than through a processive coupling of hpol � andWRN.

FIGURE 2. Stepwise analysis of WRN-mediated stimulation of hpol � activity. hpol �1– 437 (2 nM) was incubated with 13/18-mer DNA substrate (200 nM) in
either the absence (F) or presence (f) of full-length WRN1–1432 (100 nM). The reaction was initiated by the addition of dNTP (500 �M each dNTP) and MgCl2 (5
mM). Each product band was quantified. The rate of product formation was determined by fitting the data to a stepping equation (Equation 1), where n � 1 or
5 for A the first, and B, the last dNTP insertion event, respectively. The experiments were performed in triplicate and the mean � S.D. is shown. The single-
turnover rate constant for each experiment is shown to the right of the plot.
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The effective stimulation of hpol�1–437 allowed us to thenmap
the functional interaction between the Y-family core polymer-
ase domains and WRN in greater detail.
The RQCDomain ofWRN IsNecessary for Full Stimulation of

hpol � Activity—Next, we wanted to assess the domain
requirements for WRN-mediated stimulation of polymerase
activity. We prepared four WRN mutants to quantify the
contributions of different domains to the functional interac-
tion with hpol �1–437 (supplemental Fig. S4). The first WRN
mutant (WRN1–1092/E84A, HRDC-deletion) truncates the protein
just beyond the RQC domain. The second deletion mutant
(WRN1–949/E84A, RQC-deletion) removes both the RQC and
HRDC domains from the polypeptide. Finally, we prepared the
exonuclease (WRN1–333) and RQC (WRN949–1078) domains of
WRN to test for stimulation of hpol �1–437 activity by isolated
domains. It should be noted here that the E84Amutation inWRN
abolishes exonuclease activity by removing the acidic side chain of
Glu-84, which coordinates catalytic divalent cations in the WRN
exonucleasedomain (30).Where indicated,E84Amutant formsof
WRNwere used to test for modulation of hpol �1–437 catalysis in
the absence of any contribution fromWRN exonuclease activity.
We initially measured the hpol �1–437-catalyzed formation

of the full-length product in the presence of increasing amounts
of the two truncated WRN constructs, the HRDC- and RQC-
deletion mutants (Fig. 3). Varying amounts of WRN HRDC-
and RQC-deletion mutants were incubated with hpol �1–437

and the amount of product formed at 20 min was quantified
(Fig. 3, A and B). The WRN HRDC-deletion mutant increased

full-length product formation fromabout 10 to nearly 75% at 20
min (Fig. 3C). The ratio at which product formation was half-
maximal was �5:1, WRN1–1092/E84A:hpol �1–437 (Fig. 3C). The
WRN RQC-deletion mutant was less effective at stimulating
product formation under these conditions (Fig. 3C). Subse-
quent experiments were performed with higher ratios of WRN
tohpol� tomaximize the effect uponDNApolymerase activity.
These results suggest that the WRN HRDC domain is not
required for stimulation of hpol �1–437 activity and that loss of
the RQC domain impairs functional interaction betweenWRN
and hpol �1–437. However, we wanted to examine the kinetics
of product formationmore closely for these twoWRNmutants.
Therefore, we quantified the rate of hpol �1–437-catalyzed for-
mation of full-lengthDNAproduct over time in the presence of
our differentWRNdeletion constructs. Of all theWRNmutant
constructs tested, theWRN1–1092/E84A HRDC-deletionmutant
most effectively stimulated hpol �1–437 activity in a time course
reaction (Fig. 3D). The observed single-turnover rate of product
formationwas increased 4.3-fold from0.26� 0.03min�1 without
WRN to 1.13 � 0.05 min�1 upon addition ofWRN1–1092/E84A to
the reaction mixture. The observed single-turnover rate of prod-
uct formed in the presence of theWRN1–949/E84A RQC-deletion
mutant was 0.38 � 0.05 min�1, which is 1.5-fold faster than
product formation by hpol �1–437 alone (Fig. 3D, magenta
trace). These results support the idea that the RQC domain is
largely responsible for the effective stimulation of hpol � activ-
ity but that some residual stimulatory interaction resides in the
first 949 amino acids of WRN.

FIGURE 3. The RQC domain of WRN is necessary for full stimulation of hpol �1– 437 activity. A, hpol �1– 437 (2 nM) DNA synthesis was allowed to proceed for
20 min in the presence of increasing amounts of WRN1–1092/E84A (blue panel) and the products were separated by 16% PAGE, 7 M urea. B, hpol �1– 437 (2 nM) DNA
synthesis was allowed to proceed for 20 min in the presence of increasing amounts of WRN1–949/E84A (magenta panel) and the products were separated by 16%
PAGE, 7 M urea. C, full-length product formation shown in panels A and B was quantified. D, DNA synthesis by hpol �1– 437 (2 nM) was monitored over time in the
presence of either the HRDC-deletion mutant WRN1–1092/E84A (100 nM) or the RQC-deletion mutant WRN1–949/E84A (100 nM). The experiments were performed
in triplicate and the mean � S.D. is shown. The single-turnover results for each experiment were fit to a single-exponential equation to yield the following
kinetic parameters: WRN1–1092/E84A (f): A � 189 � 2 nM and kobs � 1.13 � 0.05 min�1; WRN1–949/E84A (Œ): A � 192 � 3 nM and kobs � 0.38 � 0.02 min�1. The
control experiment with hpol � alone from Fig. 1C was re-plotted for comparison (F).
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TheAddition of ATPAttenuatesWRN-mediated Stimulation
of hpol �—WRN is an ATP-dependent helicase that unwinds
double-stranded nucleic acids to form single-stranded inter-
mediates (31, 32). We wanted to test whether addition of ATP
to our polymerase reactionmixturewould furthermodulate the
interaction between WRN and hpol �1–437. When the poly-
merase is alone, the addition of ATP (100 �M) to the reaction
mixture modestly perturbs DNA synthesis by hpol �1–437,
decreasing the rate of product formation presumably because
ATP competes with dATP for binding to the polymerase active
site (supplemental Fig. S5). The observed single-turnover rate
of 18-mer product formationwas decreased from0.26� 0.03 to
0.16 � 0.01 min�1 for hpol �1–437 alone. Adding ATP to the
reaction mixture with WRN1–1092/E84A decreases the observed
single-turnover rate of product from 1.13 � 0.05 to 0.26 � 0.02
min�1 (supplemental Fig. S5). Thus, upon addition of ATP the
rate of DNA synthesis is decreased �40% for hpol �1–437 alone
and�75% for experiments withWRN1–1092/E84A. These results
suggest that ATP hydrolysis by WRN may induce a change in
the RecQ enzyme that inhibits functional interaction with hpol
�1–437.
The Isolated Exonuclease and RQC Domains Provide Inter-

mediate Levels of Stimulation to hpol �—We then assessed the
role of individualWRNdomains in the enhancement of polymer-
ase activity by adding the recombinant exonuclease (WRN1–333)
and strand separating RQC winged helix (WRN949–1078)
domains to the reaction mixture. The exonuclease domain
showed a modest stimulation of polymerase activity when the
molar ratio of WRN exo:hpol �1–437 was 50:1 (Fig. 4A). The
observed single-turnover rate of product was increased 1.7-fold
from 0.26 � 0.02 to 0.44 � 0.03 min�1 upon addition of 100-
fold excess WRN1–333 (Fig. 4A). The isolated WRN RQC
domain was able to effect a noticeable stimulation of polymer-
ase activity (1.6-fold) when the molar ratio was 50:1, WRN
RQC:hpol �1–437 (Fig. 4B). Increasing the amount of RQC in
the reaction did not stimulate the polymerase activity beyond
�1.6-fold (Fig. 4B, dark cyan triangles). These results suggest
that stimulation of hpol�1–437 activity can occur through inter-
actions with either the exonuclease or the RQC domains. How-
ever, the full stimulatory effect is only observed when both

domains are housed in the same polypeptide, such as observed
for the WRN HRDC-deletion mutant (Fig. 3, results with
WRN1–1092/E84A).
Stimulation of Accurate Base Pair Formation by hpol �1–437

Is Dependent Upon the RQC Domain of WRN—Next, we
wanted to assess the ability of WRN to modulate the kinetic
parameters that define hpol � catalytic efficiency and fidel-
ity. As a first measure of these properties we performed
steady-state kinetic analysis of hpol �-catalyzed formation of
“accurate” Watson-Crick base pairs (i.e. insertion of dCTP
opposite dG). Both full-lengthWRN and the HRDC-deletion
mutant stimulated hpol �1–437 catalysis 3–4-fold, as mea-
sured by comparing the specificity constants (supplemental
Table S2). The increased catalytic efficiency is primarily due
to an increase in the turnover number (kcat), as the Michaelis
constant changes very little. Abolishing the exonuclease activity of
WRN did not improve or diminish the kinetic parameters (com-
pare WRN1–1092 to WRN1–1092/E84A). Importantly, the WRN
RQC-deletion mutant (WRN1–949/E84A) does not stimulate hpol
�1–437 activity to the same extent as the HRDC-deletion mutant
(supplemental Table S2). These results indicate that the RQC
domain is required to enhance the activity of hpol �1–437 during
insertion of dCTP opposite dG.
Transient-state Kinetic Analysis Reveals ThatWRN Increases

the Rate Constant kpol for hpol �-catalyzed dNTP Insertion
Almost 4-fold during Formation of dCTP:dG Base Pairs—De-
termination of the specificity constant (kcat/Km,dNTP) by
steady-state kinetic analysis can provide an estimate of the
apparent second-order rate constant for dNTP binding, which
is the summation of multiple kinetic steps following binding of
the substrate (34). Alterations to specific kinetic steps in the
polymerase catalytic cycle are usually not isolated byMichaelis-
Menten kinetics, which can limit the conclusions derived from
the kinetic constants. Using pre-steady-state kinetic analysis to
measure the concentration dependence of hpol �1–437-cata-
lyzed formation of accurate base pairs (i.e. dCTP:dG) provides a
measurement of the ground state binding affinity for the
incoming nucleotide triphosphate (Kd,dNTP) and the maxi-
mum rate of polymerization (kpol), which for pol � is limited by
a noncovalent step occurring prior to phosphoryl transfer (35,

FIGURE 4. The isolated exonuclease and RQC domains of WRN stimulate hpol �1– 437 activity. A, DNA synthesis by hpol �1– 437 (2 nM) was monitored over
time in the presence of the 100 nM (f) WRN1–333 exonuclease domain. The no WRN control experiment (F) from Fig. 1 was re-plotted for comparison. Formation
of total product is shown. The single turnover results for each experiment were fit to a single exponential equation to yield the following kinetic parameters:
WRN1–333 (f): A � 181 � 3 nM, kobs � 0.44 � 0.03 min�1. B, DNA synthesis by hpol �1– 437 (2 nM) was monitored over time in the presence of 100 nM (f) and 1
�M (Œ) WRN949 –1078 RQC domain. The no WRN control experiment (F) from Fig. 1 was re-plotted for comparison. Formation of the total product is shown. The
single turnover results for each experiment were fit to a single exponential equation to yield the following kinetic parameters: WRN949 –1078 (f): A � 169 � 5 nM,
kobs � 0.41 � 0.04 min�1; WRN949 –1078 (Œ): A � 186 � 5 nM and kobs � 0.40 � 0.04 min�1.
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36). Previous work has shown that the partially rate-limiting
step in hpol � catalysis occurs prior to phosphoryl transfer (36,
37). The structural explanation for what actually comprises the
rate-limiting step is less clear but may involve coordination of
the divalent metal ions in the hpol � active site or some other
noncovalent conformational rearrangement (35, 36).
Our results show that inclusion of theWRNHRDC-deletion

mutant (WRN1–1092/E84A) increases the rate constant kpol
nearly 4-fold from 15.5 � 3.0 s�1 in the absence of WRN to
58.1 � 5.2 s�1 with WRN present in the reaction mixture (Fig.
5A). The ground state binding affinity for the incoming dCTP
(Kd,dCTP) is not changed by the addition ofWRN but remains
near 30 �M (Fig. 5B). Construction of a conventional Gibbs
free-energy diagram (34) reveals that WRN reduces the free-
energy change for insertion of dCTP opposite dG by �0.7 kcal/
mol from �13.2 kcal/mol without WRN to �13.9 kcal/mol in
the presence of WRN. These results are consistent with the
notion that WRN may directly alter the structure of the hpol
�1–437 active site in a manner that increases the rate-limiting
step in the polymerase catalytic cycle.
WRN Improves the Efficiency and Fidelity of hpol�DNASyn-

thesis in an Exonuclease-independent Manner—We then went
on to measure the steady-state parameters for mispair forma-
tion by hpol�1–437 in the presence and absence ofWRN. In our
assays, WRN does not stimulate hpol �1–437-catalyzed forma-
tion of mispairs (Table 1). The calculated misinsertion fre-
quency for hpol �1–437 catalysis is improved roughly 2.5–4.5-
fold by the inclusion of the WRN HRDC-deletion mutant
(compare themisinsertion frequencies, ƒ, for eachmispair with
and without WRN). It should be noted here that the WRN
mutant protein used in the mispair assays does not possess
exonuclease activity (E84A mutation) but does possess the
RQC domain. Thus, WRN improves the fidelity of DNA syn-
thesis by hpol �1–437 at the level of single-nucleotide insertion
events.
The Exonuclease Activity of WRN Prevents the Stable Forma-

tion of Mispairs by hpol � but Does Not Perturb Polymerase-
catalyzed Insertion of dCTP Opposite dG—We further tested
the ability of WRN to improve hpol � fidelity by measuring
exonucleolytic degradation of polymerase reaction products
catalyzed by the WRN exonuclease domain. hpol �1–437 was
allowed to insert either dCTP or dTTP opposite dG in the pres-

ence of full-length WRN1–1432, which has exonuclease activity
(Fig. 6). The concentration of dNTP in the reactionmixturewas
saturating (100 �M for dCTP and 1 mM for dTTP). At these
concentrations, the rate of dNTP insertion in the absence of
exonuclease activity should be comparable for both correct and
incorrect base pairs, based on our steady-state kinetic parame-
ters (Table 1 and supplemental Table S2). However, only dCTP
is incorporated over the time course of the experiment, with
dTTP apparently stimulating exonucleolytic degradation by
WRN (Fig. 6A). Quantification of the rate of primer degrada-
tion shows that themispair reaction is degraded�10-fold faster
than the accurate base pair reaction (Fig. 6B). These results are
consistentwith our analysis of accurate single-nucleotide inser-
tion events, where versions of WRN possessing exonuclease
activity were still able to increase the rate of dCTP insertion
opposite template dG (supplemental Table S2). Previous struc-
tural work has noted the close similarity between the WRN
exonuclease domain and the exonuclease domain of Esche-
richia coliPol I Klenow fragment (30). Notably, the exonuclease
domain of the Klenow fragment is positioned in an orientation
relative to the core polymerase domains that are similar to that
of the little finger domain of the Y-family polymerases. The
little finger (or palm-associated) domain of the Y-family is teth-
ered to the polymerase core domains by a flexible linker and has
been shown to undergo large conformational rearrangements
(38, 39). The fact that WRN impairs hpol �1–437-catalyzed
insertion of dTTP opposite dG to a larger extent than dCTP
insertion is further suggestive of a role for WRN as polymerase
“proofreader.”
WRN Physically Interacts with the hpol � Core Polymerase—

Finally, we examined the possibility thatWRN and hpol �1–437

are physically interactingwith one another. Such an interaction
has not been reported previously. To test this possibility, we
performed affinity enrichment (“pulldown”) experiments with
a version of hpol�1–437 that retained theGST tag (Fig. 7).WRN
proteins were incubated with either GST-hpol �1–437 bound or
empty glutathione-Sepharose beads. After washing the resin,
the proteins that remained bound to the beads were boiled off
into SDS-PAGE loading buffer. The fraction of eachWRN con-
struct retained at the elution stepwas visualized following SDS-
PAGE separation of the proteins (Fig. 7A). TheHRDC-deletion
mutant is retained in the pulldown experiment (Fig. 7A).

FIGURE 5. Pre-steady-state kinetic analysis of hpol �1– 437 catalysis reveals that kpol is four times greater in the presence of the WRN1–1092/E84A

HRDC-deletion mutant. A, pre-steady-state analysis of hpol �1– 437 (25 nM) catalyzed insertion of dCTP (1–250 �M; shown to the right of the plot) opposite dG
in the presence of WRN1–1092/E84A (500 nM). Product formation was plotted as a function of time and fit to Equation 2. B, the observed rate of product formation
(kobs) derived from panel A was plotted as a function of dCTP concentration for pre-steady-state experiments with hpol �1– 437 alone and in the presence of
WRN1–1092/E84A. Fitting the data to a hyperbolic equation yields an estimate of kpol and Kd,dCTP: hpol �1– 437 alone (F): kpol � 15.5 � 3.0 s�1 and Kd,dCTP �
28.5 � 16.2 �M; hpol �1– 437 � WRN1–1092/E84A (f): kpol � 58.1 � 5.2 s�1 and Kd,dCTP � 31.8 � 8.2 �M.
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Immunoblotting clearly shows that WRN is specifically
retained on the GST-hpol �1–437-bound resin (Fig. 7A). WRN
was not enriched on the empty resin, which indicates that the
retention is specific. Likewise, both the exonuclease and RQC
domains were retained in our pulldown experiments, which is
consistent with the notion that each domain can physically
interact with hpol �1–437 in an independent manner (Fig. 7, B
and C).

DISCUSSION

Cellular responses to perturbed replication involves the
coordination of many different proteins and enzymes s(40).
The need for enzymes that can process covalently modified or
structured nucleic acids is apparent from the participation of
Y-family DNA polymerases in DNA damage tolerance path-
ways (41). Accumulation of these specialized enzymes at sites of
stress is dependent upon post-translational modifications and
protein-protein interactions (5, 20, 21, 29, 42–45). Despite the
often generalized association of Y-family polymerases with
“error-prone response” mechanisms there is evidence that
DNA polymerase � can assist normal replication fork progres-
sion in the absence of damage signaling (12, 46). Deciphering
the protein-protein interactions that might alter the catalytic
properties of pol � is an important part of understanding how
this enzyme contributes to mechanisms that suppress genomic
instability.
Like hpol �, the RecQ helicase WRN also participates in the

alleviation of replication stress and continued fork progression
through interactions with several different proteins, including
Y-family DNA polymerases (24, 47–52). The role of WRN in

the modulation of Y-family DNA polymerase activity and the
potentially important ramifications upon genomic stability led
us to investigate the mechanistic features of this interaction.
The experiments reported herein contribute several important
and previously unrecognized insights into howWRN modifies
the activity of a specialized human DNA polymerase.
First, full-length extension by hpol �1–437 is stimulated

�4-fold by the addition of full-length WRN (Fig. 1C). Careful
examination of full-length extension experiments reveals that
WRN-mediated stimulation of hpol�1–437 activity is greatest at
the first insertion event (�3–4-fold), diminishing slightly as the
polymerase extends the primer (Fig. 2). Additional experiments
were performed to elucidate the mechanism promotingWRN-
mediated stimulation of hpol � catalysis.

We set out to map the domains of WRN that functionally
interact with hpol � in the hopes that this information would
provide some indication regarding the molecular mechanism
involved in stimulating polymerase activity.We began by deleting
two domains in the C-terminal half of WRN, namely the HRDC
and RQC domains (Fig. 3). Similar to full-lengthWRN1–1432, the
WRN1–1092/E84A HRDC-deletion mutant enhances the rate of
full-length product formation �4-fold (Fig. 3D). However,
extension experiments indicated that deleting the RQCdomain
of WRN largely (but not completely) impairs the stimulatory
effect upon hpol �1–437 activity, as WRN1–949/E84A only stimu-
lates polymerase activity �1.5-fold (Fig. 3). Using the HRDC-
deletion mutant we then observed that the addition of ATP
attenuates WRN-mediated stimulation of hpol �1–437 (supple-
mental Fig. S5). The mechanistic basis for this attenuation by

TABLE 1
Steady-state kinetic parameters for hpol �-catalyzed formation of mispairs in the presence of WRN

kcat Km,dNTP kcat/Km,dNTP ƒ (misinsertion frequency)a

min�1 �M min�1 �M�1

dTTP:dG 23 � 1 157 � 25 0.15 36
WRN1–1092/E84A 27 � 4 168 � 54 0.16 12
dATP:dG 7 � 3 260 � 100 0.027 6.4
WRN1–1092/E84A 11 � 2 570 � 200 0.019 1.4
dGTP:dG 6 � 1 50 � 9 0.12 28
WRN1–1092/E84A 9 � 1 60 � 7 0.15 11

a The frequencies of misinsertion were calculated relative to insertion of dCTP opposite dG using the ratio (kcat/Km, mispaired dNTP)/(kcat/Km,dCTP) 	 103. The smaller
the value of ƒ, the more accurate the polymerase.

FIGURE 6. WRN exonuclease activity prevents mispair formation by hpol �1– 437. A, hpol �1– 437 single nucleotide insertion in the presence of 50-fold excess
wild-type WRN1–1432 was measured for dCTP (100 �M) and dTTP (1 mM) and the products were resolved by 16% PAGE, 7 M urea. Pol, polymerase activity; Exo,
WRN 3�-5� exonuclease activity. B, the rate of WRN1–1432-catalyzed exonuclease activity was estimated from the slopes of the linear dependence of product
formation as a function of time: dCTP (F): v0 � 44.5 � 18.8 nM min�1 	 103; dTTP (f): v0 � 395 � 30 nM min�1 	 103.
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ATP is unclear but previous studies with theWRN homologue,
human RecQ1, have illustrated very nicely how binding of ATP
can alter the oligomeric state of the enzyme (53, 54). The pre-
vious study with RecQ1 showed that it forms a tetramer in the
absence of ATP and that the addition of ATP/Mg2� shifted the

equilibrium to a lower order species, which is most likely
dimeric in nature (53, 54). WRN has been shown to exist as a
tetramer when bound to replication intermediates (55). It may
be that WRN undergoes a similar alteration in the oligomeric
state upon binding of ATP and that this change has a negative
effect uponWRN-mediated stimulation of hpol �1–437. Exper-
iments are ongoing to assess changes in the oligomeric state of
WRN and the potential ramifications upon its functions. From
these results, we concluded that the RQC domain of WRN is
playing a major role in the functional interaction with hpol �
and that ATP hydrolysis by WRN negatively impacts the func-
tional interaction with the polymerase.
We next tested the ability of isolated WRN domains to

enhance hpol � DNA synthesis. The N-terminal exonuclease
domain of WRN only increases polymerase activity �1.7-fold
(Fig. 4A). Similarly, theWRN949–1078RQCdomainby itself fails to
stimulate hpol �1–437 to the same extent as the WRN1–1092/E84A

HRDC-deletion mutant (compare Figs. 2B and 4B). Rather, the
effect of both the exonuclease and RQC domains appears to be
intermediate to that observed for the full-length and HRDC-
deletion proteins. Consistent with a role for the exonuclease
domain in the stimulation of hpol �1–437 activity, an interme-
diate effect for the WRN1–949/E84A RQC-deletion is observed
for full-length product formation (Fig. 3D). Thus, the polymer-
ase extension experiments are supportive of an interaction
between hpol �1–437 and WRN that is greatest when both the
RQC and the exonuclease domains are present and is, thus,
bipartite in nature.
Steady-state kinetic analysis of hpol �1–437-catalyzed inser-

tion of dCTP opposite dG shows thatWRN increases the spec-
ificity of the polymerase reaction by increasing the turnover
number (kcat) with essentially no effect upon the Km,dNTP
(supplemental Table S2). Similar increases in polymerase activ-
ity were observed for full-lengthWRN and in both exonuclease
proficient (WRN1–1092) and deficient (WRN1–1092/E84A) ver-
sions of theWRNHRDC-deletionmutant (supplemental Table
S2). Importantly,mispair insertion by hpol�1–437 in the steady-
state is not modulated byWRN at the level of single nucleotide
insertions (Table 1). We observed a clear enhancement of hpol
�1–437 fidelity upon addition of WRN1–1092/E84A at the level of
single nucleotide additions. We also show that mispair forma-
tion by hpol �1–437 is largely inhibited by full-lengthWRNpos-
sessing exonuclease activity (Fig. 6). These results indicate that
the accuracy of specialized DNA synthesis events may be
improved by WRN in a manner that is both exonuclease-de-
pendent (i.e. active degradation of mispairs) and exonuclease-
independent (i.e.modulation of only accurate dNTP insertion).
The initial report showing a functional interaction between
WRN and Y-family polymerases observed a WRN-dependent
increase in misinsertion rates using qualitative single nucleo-
tide insertion experiments and a plasmid-based assay (24). The
reason for this difference is not clear. However, previous exper-
iments where hpol � was allowed to extend across a template
with only three of the four dNTPs present, the most pro-
nounced defect in WRN-mediated stimulation was observed
when the dNTP that correctly pairs with the first template res-
idue is absent (i.e. WRN does not stimulate pol � when the
correct dNTP for the first insertion is absent from the reaction

FIGURE 7. WRN interacts with hpol �1– 437 physically through the exonu-
clease and RQC domains. A, WRN1–1092/E84A was incubated with either GST-
hpol �1– 437 coupled or empty glutathione-Sepharose resin and subjected to
a subsequent wash and elution steps. Aliquots from each fraction were sep-
arated by 4 –20% SDS-PAGE, transferred to PVDF membranes, and either
stained with Ponceau S or subjected to immunoblot analysis. Note that GST-
hpol �1– 437 migrates near the 72-kDa marker. The WRN1–1092/E84A HRDC-de-
letion mutant remains bound to the resin only when GST-hpol �1– 437 is pres-
ent. B, the WRN949 –1078 RQC domain was incubated with either GST-hpol
�1– 437 coupled or empty glutathione-Sepharose resin and subjected to sub-
sequent wash and elution steps. Aliquots from each fraction were separated
by 4 –20% SDS-PAGE, transferred to PVDF membranes, and stained with Pon-
ceau S. C, the WRN1–333 exonuclease domain was incubated with either GST-
hpol �1– 437 coupled or empty glutathione-Sepharose resin and subjected to
subsequent wash and elution steps. Aliquots from each fraction were sepa-
rated by 4 –20% SDS-PAGE, transferred to PVDF membranes, and stained with
Ponceau S.
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mixture). We would contend that this is consistent with WRN
failing to stimulate mispair formation. The plasmid-based
experiments used previously required pol � to copy a 407-nu-
cleotide gap and used an exonuclease-deficient version of
WRN. Our results suggest that interactions between these two
proteins will be less pronounced over such a span of dNTP
insertion events (Fig. 2).
In addition to steady-state kinetic analysis, we measured the

effect of WRN upon polymerase catalysis in the first binding
event between enzyme and substrate. Pre-steady-state kinetic
analysis of hpol �1–437 activity reveals that the maximum for-
ward rate of polymerization (kpol) is increased�4-fold byWRN
(Fig. 5). Previous kinetic studies indicate that the rate-limiting
step (or steps) in the hpol � catalytic cycle occurs prior to phos-
phodiester bond formation (37). Structural studies have failed
to reveal obvious conformational changes as candidates for the
rate-limiting step in either yeast or human pol � catalysis (16,
18). A comparison of binary and ternary hpol � crystal struc-
tures is consistent with the notion that the enzyme active site is
pre-aligned for catalysis and that binding of themetal ions is the
rate-limiting step in catalysis (35). Recently, an elegant series of
time-resolved structures of hpol � provides convincing evi-
dence that deprotonation of the primer 3�-OH, with a concom-
itant change in the sugar pucker fromSouth-type toNorth-type
is the rate-limiting step in the polymerase � catalytic cycle (56).
Interestingly, a third metal ion is observed following phos-
phodiester bond formation and was proposed to stabilize the
intermediate state during phosphoryl transfer. There are other
studies with Y-family DNA polymerases that indicate that sub-
tle conformational dynamics may indeed play a role in nucleo-
tide selectivity (57, 58). The alteration of hpol �1–437 pre-
steady-state kinetic parameters in our experiments indicates
that WRN is modulating the rate-limiting step in the polymer-
ase catalytic cycle and the recent crystal structures of hpol �
suggest specific active site dynamics, including coordination of
a third metal ion and primer-template conformational transi-
tions, may be important in this regard.
We then calculated the 
Gbind,obs

TS from the measured pre-
steady-state parameters kpol and Kd,DNA as described previ-
ously (59) and obtained estimates of�13.2 and�13.9 kcal/mol
for dCTP binding/insertion to the hpol �1–437 active site in the
absence and presence ofWRN, respectively. The diminishment
in the free energy associated with dCTP binding/insertion is
�0.7 kcal/mol, which is amodest change but perhaps a relevant
one given the fact that pol � exhibits a free energy barrier
between accurate and inaccurate insertion events that is 2.6 and
3.0 kcal/mol for yeast and human pol �, respectively. These
values are �2–2.4 kcal/mol less than that of Klenow fragment
(36). The A-family member, Klenow fragment, is �50 times
more accurate than hpol � when discriminating between cor-
rect and incorrect base pairs (36). A 0.7 kcal/mol change in the
free energy barrier to misinsertion by hpol �1–437 makes up
about 30% of the 2.4 kcal/mol difference between Klenow and
hpol � in thermodynamic terms. A strict translation of this
value to polymerase fidelity would mean that hpol � should be
about 15-fold more accurate. We observe a 2.5–4.5-fold
increase in hpol �1–437 accuracy in the steady-state (Table 1),
which is not as large as the value predicted from thermody-

namic estimates. A caveat to this interpretation of our results in
that we are comparing thermodynamic values derived from
pre-steady-state analysis to steady-state kinetic parameters.
Pulldown experiments show that GST-hpol �1–437 physi-

cally interacts with theWRNHRDC-deletionmutant, as well as
isolated exonuclease and RQC domains (Fig. 7). Although co-
localization to damaged replication foci in human cells has been
reported (24), a direct physical interaction between WRN and
the Y-family polymerases has not been shown. We show that
this interaction is minimally bipartite in nature. The interme-
diate stimulation of hpol � by WRN exonuclease and RQC
domains is consistent with such a notion. Several studies have
reported thatWRN interacts with its binding partners through
more than one domain (60). Indeed, a similar bipartite interac-
tion between WRN and the Bloom syndrome protein (BLM)
was shown previously and mapped to residues 50–120 and
949–1092 (61), strikingly similar to our results. The bipartite
interaction with hpol � is, therefore, not without precedent.
Whether the physical or functional interaction occurs within
cells remains to be determined. Experiments are ongoing to
elucidate the specific amino acid residues and structural fea-
tures that facilitate the physical and functional interactions
between hpol � and WRN.
It can be deduced from our results that the interaction

betweenWRN and hpol � is not a simple one. Our results sug-
gest that the interaction betweenWRN and hpol� is minimally
bipartite in nature, consisting of both physical and functional
molecular determinants existing in the exonuclease and RQC
domains of WRN. The biological relevance of these observa-
tions remains unclear. The amount of polymerase stimulation
imparted by WRN is not as great as that observed for proteins
such as PCNA. Still, when one considers the number of protein-
protein interactions and post-translational modifications asso-
ciated with DNA replication, it seems clear that fork progress
and accuracy depends upon the sum of multiple interactions at
sites of active replication. In this regard, even relatively small
alterations in polymerase efficiency/accuracy may be impor-
tant. The conclusions reported herein provide new insight into
the management of specialized DNA polymerase activity.
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